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Edited by Horst FeldmannAbstract The ability of dimorphic transition between yeast and
hyphal forms in Candida albicans is one of the vital determinants
for its pathogenicity and virulence. We isolated C. albicans
SWI1 as a suppressor of the invasive growth defect in a Saccha-
romyces cerevisiae mutant. Expression of C. albicans SWI1 in S.
cerevisiae partially complemented the growth defect of a swi1
mutant in the utilization of glycerol. Swi1 is in a complex with
Snf2 in C. albicans, and both proteins are localized in the nucleus
independent of the growth form. Deleting SWI1 or SNF2 in C.
albicans prevented true hyphal formation and resulted in consti-
tutive pseudohypha-like growth in all media examined. Further-
more, swi1/swi1 mutant was defective in hypha-speciﬁc gene
expression and avirulent in a mouse model of systemic infection.
These data strongly suggest the conserved Swi/Snf complex in C.
albicans is required for hyphal development and pathogenicity.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: SWI1; SNF2; Swi/Snf complex; Hyphal
development; Virulence; Candida albicans1. Introduction
Candida albicans is emerging as one of the predominant hu-
man opportunistic fungal pathogens and can cause mucosal as
well as systemic candidiasis, especially in immunocompro-
mised patients, such as HIV-infected or organ-transplanted
individuals, etc. [1]. C. albicans can adopt one of three growth
forms: yeast, pseudohyphal, or hyphal form, depending on
external stimuli. The pathogenicity of C. albicans correlates
with its capacity to convert between yeast and hyphal forms,
and accordingly, loss of switching capacity results in decreased
virulence or avirulence [2–6].
Several transcription factors have been shown to regulate
hyphal development in C. albicans. These include Cph1 [7],
Efg1 [4,8], Tec1 [9], Cph2 [10], Czf1 [11], Rim101 [12], Mcm1
[13], Fkh2 [2], Tup1 [14], and Nrg1 [3,15]. Deletion of TUP1
or NRG1 causes constitutive ﬁlamentation and expression of
hypha-speciﬁc genes, while EFG1 or TEC1 is required for hy-
phal development and the induction of hypha-speciﬁc genes.
Recently, we have shown that Flo8 is essential for hyphal
development and also the expression of hypha-speciﬁc genes
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Saccharomyces cerevisiae. Homologs including Ste12 (Cph1),
Tec1, Phd1 (Efg1), Flo8, and Nrg1, play similar roles in the
pseudohyphal growth of S. cerevisiae. Ste12/Tec1 are targets
of conserved mitogen activated protein kinases (MAPK),
and Flo8 is downstream of the cAMP/protein kinase A path-
way [17,18]. Like hypha-speciﬁc genes, the transcription of
FLO11 is under the positive regulation of Ste12 (Cph1),
Tec1, Flo8, and Phd1 (Efg1), as well as the negative regulation
of Nrg1 and Tup1/Ssn6 complex [19,20].
In addition to sequence speciﬁc regulators, modulation of
the chromatin state also plays a major role in the regulation
of gene expression in eukaryotes [21]. Chromatin structure
can be aﬀected by chromatin remodeling complexes. The
yeast Swi/Snf complex is an ATP-dependent chromatin
remodeling complex that can activate or repress transcription
and is conserved throughout eukaryotes [22]. The Swi/Snf
complex activates transcription by remodeling nucleosomes,
thereby permitting the increased access of transcription fac-
tors to their binding sites. The complex contains 11 diﬀerent
subunits, including Swi1 to bind nucleosome and activators
[23,24], and Snf2, a highly conserved DNA-dependent ATP-
ase required for the chromatin remodeling activity. Swi/Snf
is able to bind to both DNA and nucleosomes with high
aﬃnity, but without DNA sequence speciﬁcity [25]. Interest-
ingly, gene expression microarray analysis has shown that
the mRNA levels of only a small subset (about 5%) of S.
cerevisiae genes are signiﬁcantly aﬀected by the loss of Swi/
Snf activity [26]. Many studies have shown that the Swi/Snf
complex can interact with sequence-speciﬁc transcriptional
factors, which may recruit the complex to speciﬁc genes for
chromatin remodeling [27].
Here, we report the cloning of a C. albicans homolog of S.
cerevisiae SWI1 as a suppressor of a ﬂo8 mutant in invasive
growth. Deletion of SWI1 or SNF2 in C. albicans blocks hy-
phal development and the expression of hyphal speciﬁc genes
under all hyphal induction conditions examined. And swi1/
swi1 mutant is avirulent in a mouse model of systemic infec-
tion. We suggest that a conserved Swi/Snf complex in C. albi-
cans is required for its hyphal development.2. Materials and methods
2.1. Plasmid construction
All plasmids and primers used in this study were listed on Tables 1
and 2, respectively. Plasmid pCF37 containing 3.8 kb insertion of C.
albicans SWI1 was screened out in C. albicans genomic library byblished by Elsevier B.V. All rights reserved.
Table 3
Yeast strains
S. cerevisiae strains
Strain Genotype Reference
DY878 MATa ade2 gal3 his3 leu2
lys2 trp1D1 ura3
[46]
DY2024 MATa swi1::HisG ade2 gal3 [46]
Table 1
Plasmids
Plasmid Description Reference
YEp24 2l origin and S. cerevisiae URA3 in pBR322 [46]
BD1 S. cerevisiae SWI1 in YEp24 [46]
pCF37 3.8 kb C. albicans SWI1 in pRS202 This study
pCUB6 Substitution of S. cerevisiae URA3 by C. albicans URA3 in pNKY50 [36]
pSWI1-KO Replacement of 1.8 kb in pCF37 with 4.0 kb HisG-URA3-HisG from pCUB6 This study
pSNF2-KO 0.9 and 1.0 kb of C. albicans SNF2 in pCUB6 This study
pBES116 URA3 vector, integration at ADE2 [47]
pBES116-SWI1 3.8 kb SWI1 in pBES116 This study
p584 ACT1p-GFP-URA3-GFP in p471 [28]
pSWI1-GFP 0.9 and 1.2 kb of C. albicans SWI1 in p584 This study
pSNF2-GFP 1.3 and 1.2kb of C. albicans SNF2 in p584 This study
p4FLAG-SNF2 0.9 kb of SNF2 and 3 · FLAG in pFLAG-Act1 This study
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A BclI fragment of pCF37 was replaced with HisG–URA3–HisG frag-
ment from pCUB6 to generate plasmid pSWI1-KO. pBES116-SWI1
was generated by fusion of 3.8 kb KpnI–NotI fragment containing C.
albicans SWI1 from pCF37 to pBES116. 0.9 kb PCR fragment (prim-
ers 1 and 2) and 1.2 kb PCR fragment (primers 3 and 4) ampliﬁed from
pCF37 were digested with KpnI–XhoI and SacII, respectively, and
sequentially inserted into plasmid p584 [28] to produce plasmid
pSWI1-GFP. pSNF2-GFP was also generated with the same strategy
by sequential insertion of 1.3 and 1.2 kb PCR products with primers
5, 6 and primers 7, 8 into p584. Two PCR fragments, 0.9 kb (primers
9 and 10) and 1.0 kb (primers 11 and 12), were digested with BamHI–
BglII and BamHI–SphI, respectively, and sequentially ligated to
pCUB6 to generate pSNF2-KO. A 1.0 kb PCR product (primers 13
and 14) containing the C-terminal SNF2 coding region and a 3·
FLAG tag was inserted into BamHI–SphI site of pFLAG-Act1 to gen-
erate p4FLAG-SNF2.
2.2. Strains and culture conditions
The S. cerevisiae and C. albicans strains used in this study are listed
in Table 3. Yeast strains were grown in YPD or SC medium at 30 C
for prototrophic selection, except that SC + 2% glycerol was used for a
growth rate test of the S. cerevisiae swi1 mutant. C. albicans strains
were grown in YPD for yeast form, and induced to hyphal form in ser-
um (GIBCO), Lee’s medium or embedded condition described previ-
ously [16,29].Table 2
Primers
Primer Sequence
1 5 0-GGGGATCCGGACACCTACACCAAAACA
2 5 0-CCGCTCGAGCCATTCACACCCTGCCATA
3 5 0-TCCCCGCGGTACCTTGAGATTTGGCTGTAACA
4 5 0-TCCCCGCGGCCATGTCTGATTGGTTGAATG
5 5 0-ATGGTACCCTGATAACTTGGCGGAAATG
6 5 0-AAGCTCGAGAATGAAGTAACTTCTTGTAAAC
7 5 0-TACCCGCGGCCATGAATCGTCAACCTACAAG
8 5 0-TCCCCGCGGTACCACTAGATGAAGTTGATGCTG
9 5 0-CGGGATCCATGAATCGTCAACCTACAAGAGAG
10 5 0-GAAGATCTGTTGTTGAAGGGCATATTGTTG
11 5 0-CAGGATCCGAACAGAAGAGTCTACACCAG
12 5 0-ACATGCATGCGTTCCACAAGTGTTCTATACC
13 5 0-GAGGATCCTCTGACGACGATGATGACAATG
14 5 0-ACATGCATGCCTTGTCATCGTCATCCTTGTAA
TCGATGTCATGATCTTTATAATCACCGTCATGGT
CTTTGT AGTCATCAAAATTTGCTGGTGTAGACTC
15 5 0-GCCATCATCCACCATGCTCC
16 5 0-GTGCTACTGAGCCGGCATCTC
17 5 0-TGCTCCAGGTACTGAATCCGC
18 5 0-GGCAGATGGTTGCATGAGTGG
19 5 0-CCTCAGTGCTGCATTAGAAGTTG
20 5 0-GATGAAGCAGACATAGATTCGG
21 5 0-CTTGAGTGTTCTTGCTTTCGC
22 5 0-GCTGATCTCATGAAGTTGTCAC2.3. C. albicans strain construction
To delete SWI1, pSWI1-KO was digested with HindIII and trans-
formed into CAI4 to generate heterozygotes CAM1a and CAM1b.
CAM1b was streaked onto 5-ﬂuoro-orotic acid (5-FOA) plate to select
for the Ura strain CAM2. swi1/swi1 homozygotes CAM3 (Ura+) and
CAM4 (Ura) were screened out by subsequent transformation with
the HindIII-digested pSWI1-KO fragment. By the same strategy,
snf2/snf2 null mutants CAM41 (Ura+) and CAM42 (Ura) were gen-
erated through two rounds of transformation with a PstI-digested
pSNF2-KO DNA fragment.
To express GFP fusion proteins, the wild-type strain CAI4 was
transformed with KpnI-digested pSWI1-GFP to generate CAM20,
which was selected on 5-FOA to generate CAM21. Similarly, KpnI-di-
gested pSNF2-GFP DNA fragment was introduced into CAI4 for
GFP-Snf2 expression, and then the strain was transformed with
StuI-digested pFLAG-Act1 to produce Ura+ strain CAM68.his3 leu2 lys2 trp1D1 ura3
C. albicans strains
Strain Genotype Reference
SC5314 Wild type [36]
CAI4 ura3::imm434/ura3::imm434 [36]
CAM1a ura3::imm434/ura3::imm434 This study
SWI1/swi1::HisG-URA3-HisG
CAM1b ura3::imm434/ura3::imm434 This study
swi1::HisG-URA3-HisG/SWI1
CAM2 ura3::imm434/ura3::imm434 This study
swi1::HisG/SWI1
CAM3 ura3::imm434/ura3::imm434 This study
swi1::HisG/swi1::HisG-URA3-HisG
CAM4 ura3::imm434/ura3::imm434 This study
swi1::HisG/swi1::HisG
CAM20 ura3::imm434/ura3::imm434 This study
SWI1/SWI1::GFP-URA3-GFP
CAM21 ura3::imm434/ura3::imm434 This study
SWI1/SWI1::GFP
CAM38 ura3::imm434/ura3::imm434 This study
SWI1/SWI1::GFP RP10/RP10::
FLAG-URA3
CAM42 ura3::imm434/ura3::imm434 This study
snf2::HisG/snf2::HisG
CAM43 ura3::imm434/ura3::imm434 This study
SWI1/SWI1::GFP SNF2/SNF2::
4FLAG-URA3
CAM68 ura3::imm434/ura3::imm434 This study
SNF2/SNF2::GFP RP10/RP10::
FLAG-URA3
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StuI-digested pFLAG-Act1 or PstI-digested p4FLAG-SNF2 to gener-
ate CAM38 as FLAG control or CAM43 for FLAG-SNF2 fusion pro-
tein, respectively. All constructed strains were veriﬁed by PCR or
Southern blot.
2.4. Northern blotting
Total RNA was extracted by hot phenol and Northern blot hybrid-
ization was performed as previously described [29]. A 1.2 kb HincII
fragment in the SWI1 coding region was used as a probe to detect
the SWI1 transcript. The ACT1 probe was described previously [29].
PCR products for ECE1 (primers 15 and 16), HWP1 (primers 17
and 18), HYR1 (primers 19 and 20), SAP6 (primers 21 and 22) were
used for Northern blot analysis.
2.5. Co-immuno-precipitation and Western blot
Crude extract of C. albicans cells was prepared as described before
[16] and Western blot was demonstrated with anti-GFP antibody
(Santa Cruz) or anti-FLAG antibody (Sigma). For co-immuno-preci-
pitation, about 1.0 lg anti-FLAG antibody was added to lysates
pre-cleared with protein G-Sepharose beads (Roche), and the immu-
no-complex was precipitated by protein G-Sepharose beads and
subjected to Western blot with anti-GFP antibody.
2.6. Virulent assay
The newly plated C. albicans strains were grown in liquid YPD
at 30 C overnight, suspended in physiological saline solution,
counted in hemacytometer and adjusted to concentration of
5 · 107 cells/ml. Eight ICR male mice among 18–21 g for each strain
were injected into lateral tail veins with 0.1 ml cells. Survivals of
mice were observed and recorded continuously for at least 25 days
after injection.
2.7. Nucleotide sequence accession number
The GenBank accession numbers for the C. albicans SWI1 and
SNF2 nucleotide sequence are AF212248, orf19.5657 and DQ129687,
orf19.1526, respectively.Fig. 1. C. albicans Swi1 (CaSwi1) is a homolog of S. cerevisiae Swi1 (ScSwi1
(Q-rich) regions (underlined areas) in C. albicans Swi1, S. cerevisiae Swi1, Dro
growth defect in S. cerevisiae swi1 mutant. WT (DY878) and swi1 mutant (D
were grown on SC + 2% glucose or 2% glycerol at 30 C for ﬁve or seven da3. Results
3.1. Cloning of C. albicans SWI1 as a high-copy suppressor of a
ﬂo8 mutant in S. cerevisiae
In a previous attempt to identify the C. albicans homolog of
S. cerevisiae FLO8, we transformed a high-copy C. albicans
genomic library into a haploid ﬂo8 mutant of S. cerevisiae
[16], and isolated pCF37 as a clone that could suppress the
invasive growth defect of ﬂo8 mutant. Sequence analysis of
the insert in pCF37 revealed a putative product of 987 amino
acids that shared the highest similarity with S. cerevisiae Swi1.
Like S. cerevisiae Swi1, and Swi1 homologs Osa in fruitﬂy and
p270 in human [30,31], C. albicans Swi1 also contains an
ARID (AT-rich interactive domain) (Fig. 1A), a conserved do-
main in many DNA-binding proteins from fungi to ﬂies and
mammals [23]. All four Swi1 homologs also possess one or
two glutamine-rich (Q-rich) regions (Fig. 1A), which are be-
lieved to be involved in protein–protein interaction and tran-
scriptional activation [32].
To determine whether C. albicans Swi1 is a functional homo-
log of S. cerevisae Swi1, we examined whether it could comple-
ment a swi1 strain of S. cerevisiae. The swi1 mutant is severely
defective in the utilization of non-fermentable sugars [33]. As
shown in Fig. 1B, the swi1 mutant showed a growth defect
on SC medium with glycerol as the sole carbon source, and
overexpression of either S. cerevisiae SWI1 (ScSWI1) or C.
albicans SWI1 (CaSWI1) could suppress or partially suppress
this growth defect, respectively, indicating that C. albicans
Swi1 possesses a similar function to S. cerevisiae Swi1 in the
utilization of glycerol and that C. albicans Swi1 is a functional
homolog of S. cerevisiae Swi1. Therefore, this gene was desig-
nated CaSWI1 (C. albicans SWI1).). (A) Schematic depiction of the ARID (gray box) and glutamine-rich
sophila Osa and human p270. aa, amino acid. (B) Complementation of
Y2024) carrying Vector (YEp24), ScSWI1 (BD1) or CaSWI1 (pCF37)
ys, respectively.
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Both Swi1 and Snf2 are the key components of the Swi/Snf
complex. A C. albicans protein named Snf2 (orf19.1526) was
identiﬁed in CandidaDB (http://genolist.pasteur.fr/Candi-
daDB/) based on its sequence similarity with S. cerevisiae
Snf2. Both Snf2 proteins have three conserved domains:
DEXDc, HELICc and BROMO domains (Fig. 2A). In S. cere-
visiae Snf2, DEXDc, HELICc and the interval region are re-
quired for ATPase activity [34]. The BROMO domain can
interact with acetylated lysines in histone tails [25,35].
To determine whether Swi1 and Snf2 form a complex in C.
albicans, we tagged Swi1 with GFP at its N-terminus under
ACT1 promoter and Snf2 with 4·FLAG at its C-terminus ex-
pressed from its own endogenous promoter. As shown in
Fig. 2B, GFP-Swi1 could be co-immuno-precipitated with an
anti-FLAG antibody under both yeast and hypha growth con-
ditions. The in vivo interaction between Swi1 and Snf2 sup-
ports the supposition that C. albicans also possesses a
conserved Swi/Snf complex.
3.3. Swi1 and Snf2 are nuclear localized in yeast and hyphal cells
S. cerevisiae Swi1, fruitﬂy Osa and human p270 are all nucle-
ar proteins, and they can interact directly with DNA via their
ARID [23]. We found that GFP-Swi1 and GFP-Snf2 were con-
stitutively localized in nuclear of both yeast (Fig. 3A) and hy-
phal (Fig. 3B) forms of C. albicans cells, and the nuclear
localization of Swi1 and Snf2 was independent of the cell cycle
(Fig. 3A). This evidence is supportive for the predicted func-
tions of the C. albicans Swi/Snf complex in chromatin remod-
eling and transcriptional regulation.
3.4. Swi1 and Snf2 are essential for hyphal development
in C. albicans
To study the functions of SWI1 in the hyphal development
of C. albicans, we constructed swi1/swi1 and snf2/snf2 null mu-
tants by a sequential gene disruption strategy based on homol-
ogous recombination [36]. The SWI1 gene was substituted by a
SWI1 deleting cassette in the ﬁrst round transformation andFig. 2. Snf2 and Swi1 interact in vivo. (A) Schematic alignment of C. albican
BROMO domains are shown in shadow. (B) Interaction between Snf2 and Sw
hyphal form in serum or Lee’s medium and lysed for immuno-blot (IB) or iresulted in two types of heterozygotes as shown in Southern
blot analysis, but they displayed all identical phenotypes (data
not shown).
We found that swi1/swi1 and snf2/snf2 mutant cells were se-
verely blocked in hyphal development under all hypha-induc-
ing conditions examined. In liquid YPD medium for yeast
growth, swi1/swi1 and snf2/snf2 mutants grew as chains of
ellipsoid cells in a unipolar budding pattern with branches
(Fig. 4A). This was in contrast to round and well separated
wild-type cells. The cell morphologies in liquid correlated well
with their colony morphologies on solid YPD: round and
smooth for wild type, but irregular and wrinkled for the
swi1/swi1 or snf2/snf2 mutant (Fig. 4B). When shifted to hy-
phal induction conditions, either serum or Lee’s medium at
37 C, most swi1/swi1 and snf2/snf2 cells stayed as chains of
round cells except that some cells at the tip were slightly elon-
gated. As a control, the wild-type cells developed true hyphae.
In addition, reintroduction of wild type SWI1 in swi1/swi1 mu-
tant could restore yeast form in YPD and hyphal form in ser-
um and Lee’s media (Fig. 4A).
We also examined the phenotypes of the swi1/swi1 and snf2/
snf2 mutants in solid media. Wild-type strain could produce
true hyphae on the solid serum-containing medium at 37 C,
while swi1/swi1 and snf2/snf2 mutant cells formed downy colo-
nies without long ﬁlaments spreading out from the colonies,
even after an extended period of incubation (Fig. 4B). This
phenomenon was more obvious when these strains were grown
on solid Lee’s medium at 37 C. The wild-type strain formed
small wrinkled colonies surrounded by fairly long ﬁlaments.
However, the ﬁlaments were not observed in the swi1/swi1
and snf2/snf2 strains, and only irregular, smooth-edged colo-
nies were formed (Fig. 4B). Under a microaerophilic hypha
induction condition where cells were embedded in YPS agar
at room temperature, the wild-type strain developed ﬁlaments
around colonies after three days, whereas both swi1/swi1 and
snf2/snf2 strains produced only smooth and round colonies
(Fig. 4B). Furthermore, SWI1 revertant as well as SWI1 het-
erozygotes exhibited hyphal development almost undistin-s Snf2 (CaSnf2) and S. cerevisiae Snf2 (ScSnf2). DEXDc, HELICc and
i1. Strains CAM43 and CAM38 were induced to yeast form in YPD or
mmuno-precipitation (IP). aa, amino acid.
Fig. 3. Swi1 and Snf2 are localized to the nuclear in yeast (A) and hyphae (B). Overnight-cultured cells CAM20 (GFP), CAM38 (GFP-Swi1) and
CAM68 (GFP-Snf2) were induced to yeast form in YPD and hyphal form in serum. Cells were ﬁxed with 70% ethanol for 1 h at room temperature
and resuspended in PBS with 1 lg/ml 4 0,6-diamidino-2-phenylindole (DAPI, Sigma).
Fig. 4. Swi1 and Snf2 are required for true hyphal formation. Cell morphology (A) and colony morphology (B) of strains wild type
(CAI4 + pBES116), swi1/swi1 (CAM4 + pBES116), snf2/snf2 (CAM42 + pBES116) and SWI1 revertant (CAM4 + pBES116-SWI1) grown in YPD
for yeast form and in serum, Lee’s medium, embedded agar for hyphal induction.
X. Mao et al. / FEBS Letters 580 (2006) 2615–2622 2619
Fig. 6. Virulence assay. ICR mice were injected with 5 · 106 cells of
wild type strain SC5314, CAI4 + pBES116, SWI1 heterozygote
(CAM1a), mutant strain swi1/swi1 + pBES116 (CAM4 + pBES116)
and revertant strain swi1/swi1 + pBES116-SWI1 (CAM4 + pBES116-
SWI1).
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slightly weaker in solid Lee’s medium (Fig. 4B and data not
shown). Therefore, both the swi1/swi1 and snf2/snf2 mutants
are defective in true hyphal formation in either aerobic or
microaerophilic conditions. As expected, and signiﬁcantly,
both the swi1/swi1 and snf2/snf2 mutants showed identical
phenotypes in all growth conditions examined, indicating that
the Swi/Snf complex is essential for hyphal development in
C. albicans.
3.5. Swi1 is required for the expression of hypha-speciﬁc genes in
C. albicans
In C. albicans, the expression of hypha-speciﬁc genes corre-
lates with hyphal morphogenesis. HWP1, which serves as a
mammalian transglutaminase substrate responsible for C. albi-
cans–host interaction, is diﬀerentially induced in hyphae and
localized on the surface of hyphal cells of C. albicans [37].
HWP1 was highly expressed in both wild type and heterozy-
gous strains when induced in serum and Lee’s medium, but
was undetectable in yeast growth conditions (Fig. 5). In con-
trast, the HWP1 expression level in the swi1/swi1 mutant was
about 100-fold and 70-fold lower than that of the wild type
strain in Lee’s and in serum medium, respectively. Similar to
HWP1, the expression levels of another hypha-speciﬁc gene,
ECE1 [38], were about 70-fold and 50-fold lower in swi1/swi1
null mutants than that of wild type in Lee’s and serum med-
ium, respectively. Similarly, two other hypha-speciﬁc genes
HYR1 and SAP6 [39,40] were undetectable in swi1/9 cells
under hyphal growth conditions (Fig. 5). In contrast to hy-
pha-speciﬁc genes, SWI1 in wild-type cells was expressed con-
stitutively both in yeast and hyphal growth conditions,
indicating the expression of SWI1 was independent of mor-
phological forms (Fig. 5). The Northern blot data suggest that
Swi1 is essential for the induction of hypha-speciﬁc genes
under hypha-inducing conditions in C. albicans.
3.6. The Swi/Snf complex is required for the virulence
of C. albicans
The ability of C. albicans to undergo a reversible morpho-
logical transition between yeast and hyphal forms is important
for its pathogenicity. Non-ﬁlamentous strains are avirulent [4],
and constitutive ﬁlamentous strains also show decreased path-
ogenicity [2,6]. We found that mice injected with wild-type
SC5314 cells started to die the ﬁrst day and all were dead with-
in a week, and another wild-type strain CAI4 with Ura+ pro-Fig. 5. Swi1 is required for expression of hypha-speciﬁc genes in C. albicans.
+), SWI1/swi1(CAM1a, +/), swi1/SWI1 (CAM1b, /+), swi1/swi1 (CA
swi1 + SWI1 (CAM4 + pBES116-SWI1, /(+)) induced in yeast or hyph
Transcript levels were measured and quantiﬁed with PhophorImager.totrophy caused death in two days and complete mortality was
observed in two weeks (Fig. 6), while the SWI1 heterozygote
showed slightly decreased virulence compared to wild type in
CAI4 background. In contrast, mice injected with swi1/swi1
mutant cells had no clinical symptoms and survived well
throughout the entire duration of the experiment (Fig. 6). A
SWI1 revertant restored most virulence of swi1/swi1 mutant
to the similar level of heterozygote (Fig. 6). Similar to the
swi1/swi1 mutant, no morbidity was observed in mice injected
with snf2/snf2 cells (data not shown). Therefore, we suggest
that the Swi/Snf complex is essential for the pathogenicity of
C. albicans.4. Discussion
4.1. The Swi/Snf complex is required for hyphal development
Here, we report the identiﬁcation of a functional Swi/Snf
complex in C. albicans. Both C. albicans Swi1 and Snf2 have
all the functional domains that are conserved among the pro-
teins in the Swi1 or Snf2 family. The existence of a Swi/Snf
complex in C. albicans is supported by an in vivo interaction
observed between Swi1 and Snf2 by co-immuno-precipitation.
This interaction is detected both in yeast and hyphal forms,Total RNA was extracted from strains wild type (CAI4 + pBES116, +/
M3, /), swi1/swi1 + V (CAM4 + pBES116, / (v)) and swi1/
al conditions, respectively, and subjected to Northern blot analysis.
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growth form. Consistent with the interaction, Swi1 and Snf2
are localized in the nuclear in both yeast and hyphal cells. Fur-
thermore, swi1/swi1 and snf2/snf2 mutants exhibit identical
phenotypes, indicating that the two proteins are required for
identical functions. Importantly, C. albicans Swi1 can partially
complement a swi1 mutant of S. cerevisiae, and therefore, is a
functional homolog of Swi1. Based on these data, we suggest
that C. albicans has a conserved Swi/Snf complex.
The Swi/Snf complex is essential for hyphal development in
C. albicans. swi1/swi1 and snf2/snf2 mutants are unable to un-
dergo hyphal development under all hyphal inducing condi-
tions examined, including liquid and solid serum-containing
media and Lee’s media, as well as in an embedded condition.
Furthermore, the swi1/swi1 mutant is unable to express hy-
pha-speciﬁc genes under hypha induction conditions, such as
HWP1, ECE1, HYR1 and SAP6. Both snf2/snf2 and swi1/
swi1 mutants are avirulent in a mouse model of systemic infec-
tion. Therefore, the Swi/Snf complex is required for the activa-
tion of the hyphal transcriptional program in C. albicans. This
is interesting, as Swi/Snf complexes have been shown to be
important for many developmental processes in mammals.
For an example, the Swi/Snf chromatin-remodeling complex
is essential for hepatocyte diﬀerentiation [41] and is involved
in the regulation of cell development [42].
4.2. Targeting of the Swi/Snf complex to promoters of
hypha-speciﬁc genes
The Swi/Snf complex has no intrinsic DNA-binding speciﬁc-
ity. Increasing evidence suggests that transcription factors can
recruit the Swi/Snf complex to speciﬁc genes. In S. cerevisiae,
Ste12, Tec1, Phd1, and Flo8 are all transcriptional activators
of FLO11 expression. Among them, Ste12, Tec1 and Flo8 have
been shown to function at the promoter of FLO11 in vivo
[17,18]. Swi1 is also likely to act at the promoter of FLO11
as C. albicans Swi1 is able to induce the expression of
FLO11 [13,43]. Interestingly, the FLO11 promoter of S. cerevi-
siae is almost identical to the STA1 promoter of S. cerevisiae
[44]. Like FLO11, STA1 expression requires Ste12, Tec1,
Flo8 and the Swi/Snf complex [45]. Ste12/Tec1 recruits the
Swi/Snf complex to the STA1 promoter to enhance Flo8 bind-
ing to the promoter and subsequently promotes the association
of RNA polymerase II with the STA1 promoter to activate
STA1 expression [45]. Similarly, it is likely that the Swi/Snf
complex is recruited to the FLO11 promoter by transcription
activators, such as Tec1, Ste12, and Phd1. Ectopic expression
of C. albicans Swi1 is able to bypass the requirement of
Flo8, Ste12, Tec1, or Phd1 in pseudohyphal growth of S. cere-
visiae (data not shown), the C. albicans Swi/Snf complex might
be recruited to the FLO11 promoter by multiple factors. Like-
wise, the Swi/Snf complex in C. albicans is recruited to the pro-
moters of hypha-speciﬁc genes to promote the subsequent
recruitment of additional transcriptional activators and RNA
polymerase II to induce the expression of hypha-speciﬁc genes.
In conclusion, we have described a conserved chromatin-
remodeling Swi/Snf complex and its functions in hyphal devel-
opment and virulence in C. albicans. This suggests that the
transcriptional activation of a hyphal transcriptional program
likely involves concerted eﬀorts from chromatin remodeling
and sequence-speciﬁc transcriptional factors, in the same way
as the transcriptional activation of cell diﬀerentiation in other
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